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ABSTRACT: We quantified recruitment of young-of-the-year (YOY) burrowing thalassinidean shrimp 
Neotrypaea californiensis to 2 habitats of differing structural complexity-epibenthic bivalve shell and 
bare mudflat-and examined how differential settlement and post-settlement predation influence 
patterns of YOY abundance. Local densities of shrimp were quantified prlor to construction of shell 
habitat in Grays Harbor estuary, Washington (USA). Subsequent recruitment of YOY shrimp to epiben- 
thic shell and bare mudflat was measured during a peak settlement pulse and 10 mo post-settlement. 
In addition, patches of sediment overlying shell within the shell plot ('subsurface shell') were sampled 
10 mo post-settlement. Differential settlement in shell and mud habitats was quantified in field and 
laboratory experiments. We also examined predator-prey interactions between YOY Dungeness crabs 
Cancer magister and newly settled shrimp in shell habitat in a laboratory experiment in which prey 
consumption crab-' was quantified as a function of shrimp density. Results of our studies indicate that 
dense coverage of epibenthic shell applied to the intertidal site reduced recruitment of ghost shrimp. 
Epibenthic shell habitat had significantly fewer YOY shrimp than bare mudflat at peak settlement and 
10 mo post-settlement, and significantly fewer shrimp than 'subsurface shell' at 10 mo post-settlement. 
Successful colonization of 'subsurface shell' suggests that shnmp postlarvae settled preferentially in 
areas of the shell plot covered with mud or possibly were exposed to lower levels of predation than in 
contiguous epibenthic shell areas. Results of the field experiment revealed that 2 to 5 times fewer 
shrimp postlarvae settled in shell than mud treatments; a similar but non-significant trend of lower 
settlement in shell than mud substrate was observed in the laboratory habitat-choice experiment. YOY 
Dungeness crabs preyed on shrlmp in the laboratory experiment; prey density had a significant effect 
on consumption I-ates but not on proportional shrimp mortalities. In sum, although other processes most 
likely contributed to patterns of YOY shrimp distribution, postlarval habitat selection for mud substrate 
was a key determinant of recruitment success. Recruitment patterns may be further modified by post- 
settlement mortality of YOY shrimp in shell due to YOY Dungeness crab predation. 
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INTRODUCTION 

Variation in recruitment success of benthic marine 
invertebrates reflects in part the combination of differ- 
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ential settlement and post-settlement mortality asso- 
ciated with specific habitats. Structural complexity and 
heterogeneity influences settlement of sessile and 
mobile invertebrates to hard surfaces (Bourget et al. 
1994, Jacobi & Langevin 1996, Lemire & Bourget 1996) 
as well as settlement of mobile organisms to soft- 
bottom sediments. In the latter case, postlarval settle- 
ment of epibenthic or shallow burrowing mobile deca- 
pod crustaceans is enhanced in habitats including rock 
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crevlces (Botero & Atema 1982) complex algae and 
seagrasses (Herrnk~nd & Butler 1986, Johns & Maim 
1987, Fernandez et a1 199313) and eplbenthlc blvalve 
shell (Ternandez et a1 1993b, Eggleston & Armstrong 
1995) Llnder natural tidal flows, patterns of enhanced 
settlement In non-unlform, structurally dlverse habl- 
tats are  Influenced by both hydrodynamic processes 
(Eckman 1983 Snelgrove et  a1 1993) and actlve 
substrate selection (Fernandez et a1 1993b, Eggleston 
& Armstrong 1995) The relatlve importance of each 
process vanes wlth the spatial scale of interest as well 
as the organism's swimmlng capability (Butman 1987) 
In addition to enhancing settlement, complex habltats 
provide luveniles greater refuge from predators than 
relatlvely uniform habitats (Johns & Mann 1987, 
Barshaw & Lavalli 1988, Eggleston et  a1 1990, Wllson 
et a1 1990, Fernandez et a1 199313) 

Although complex habltats have a positlve effect on 
the settlement and survlval of many mobile species, 
they may effectively exclude colonlzatlon by other 
benthic invertebrates such as deep-burrowing macro- 
fauna Dlscrete assemblages In which buriowers are 
largely excluded could result from reduced mobility 
In a bed comprised of high densitles of sedentary 
organtsms or other material inhlbitlng burrowing (I e 
mobihty-mode hypothesis see Posey 1990 and refer- 
ences therein) For example, structurally complex root- 
rhlzome mats associated with seagrass beds have been 
shown to reduce the nloblllty of several burrowlng 
species (Brenchley 1982) and to llmlt the distribution 
of burrowers to areas outslde these habltats (Rlngold 
1979, Harnson 1987 Swinbanks & Luternauer 1987) 
Slmllar findlngs of reduced mobllity have been re- 
ported in dense beds of tube-buildlng polychaetes 
(Brenchley 1982) and phoronids (Ronan 1975) In both 
habitat types, the extent to whlch roots and tubes are 
capable of excluding burrowlng organisms is a func- 
tion of root or tube density, size and body morphology 
of the burrotver, and degree of moblllty (Brenchley 
1982) The studles noted above correlate the reduction 
of burrowers In complex substrates to the presence of 
material that hinders their mobility, however, dlstrlbu- 
tion patterns could be the result of dlfferent~al settle- 
ment, mortal~ty, or movement associated with habltats 
of varylng complexity 

The ghost shrirnp Neotrypaea californi~nsls (for- 
merly Callianassa californiensis, Manning & Felder 
1991) IS a highly moblle burrowlng decapod crusta- 
cean (Thalassinldea, Calllanassidae) common In estu- 
arine lnterttdal sediments along the Pacific coast of 
North Amenca from southeast Alaska to Bala Callfor- 
nia (Stevens 1928, MacGlnltle 1934) Extensive semi- 

permanent burrow systems are constructed during the 
course of deposit feeding (MacGlnitle 1934 Brenchley 
1981 Blrd 1982), typically ranglng up to 50 cm depth 

wlth multlple openlngs to the surface (Stvlnbanks & 

\furray 1981, Swlnbanks & Luternauer 1987) At h ~ g h  
densitles ghost shrimp can greatly influence commu- 
nlty composltlon by excludlnq species that are unable 
to withstand the constant disruption of sediment caused 
by the continuous turnover of near-surface sedlments 
(Peterson 1977, Brenchley 1981, Blrd 1982 Murphy 
1985, Posey 1986a Dumbauld 1994) Other species of 
thalasslnld shrlmps are reported to have slmllar effects 
on benthlc lnfaunal species assemblages (Aller & 
Dodge 1974, Tamaki 1988, Posey et a1 1991) and sea- 
grass beds (Suchanek 1983) 

In Grays Harbor Washington (USA), the success of 
an  intertidal shell mitigation program to enhance 
recruitment success of Dungeness crabs Cancer mag- 
ister may be threatened In part by Neotrypaea call- 
forniensis and another thalassinid shrirnp, Upogebla 
pugettensis In estuarine environments young-of-the- 
year (YOY settlement to age  1) crab density IS signifi- 
cantly higher in sheltered habltats such as epibenthic 
blvalve shell, than on bare mudflat (Armstrong & 

Gunderson 1985 Dumbauld et a1 1993) due to a com- 
blnatlon of actlve substrate selection and reduced 
predation risk (Fernandez et a1 1993b, Eggleston & 
Armstrong 1995) From 1990 to 1991, small-scale test 
plots were establ~shed throughout Grays Harbor to 
assess the feaslbllity of uslng oyster shell to mltigate 
loss of an  estimated 162 000 subadult 2 yr old crabs 
that occurred during the wtdening and deepening of 
the main navlgatlon channel by the U S Army Corps 
of Engineers (COE) (Armstrong et a1 1991 1992, 
Walnwrlght et a1 1992) Surveys of test plots revealed 
a significant negatlve relationship between area1 den- 
sity of shrlmp burrow openings and percent shell cover 
(Armstrong et a1 1992) At sltes where burrow open- 
ings exceeded 150 m the Integrity of shell habltat 
( l  e eplbenthlc structure usable as crab refuge) was 
reduced to 0-10% lust 1 to 2 mo after construction 
however shell integrity was greater than 50% at sltes 
wlth fewer than 50 burrow openings m-' The loss of 
shell was laryel\ dur to subsidence dnd on-site sedi- 
mentatlon caused b\ the burrowing activities of the 
shrimp (Armstrong et a1 1992) 

Full-scale shell mitlgatlon was lnltlated In 1992 at a 
site wlth relatlvely low densltles of Neotrypaea cah- 
forn~ensis, however ~t was not known whether YOY 
ghost shrimp would settle and survlve in these struc- 
turally complex shell habltats thereby contributing to 
thelr eventual degradation or whether the shell bar- 
ner  and resldent YO'I Dungeness crabs would reduce 
recruitment of YOY shrimp Our study consisted of 3 
oblectives (1) to quantlfy the denslty of ghost shnmp 
pnor to shell plot construction and subsequent recrult- 
mcnt of newly settled YOY shrimp In shell and mud 
habitats, (2) to examlne differential settlement of 
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shrimp postlarvae in shell and mud substrates that 
might account for patterns of post-settlement densities; 
and (3) to assess whether Y O Y  Dungeness crabs prey 
on newly settled shrimp in shell habitat and how 
foraging behavior is affected by variable shrimp den- 
sities. 

MATERIALS AND METHODS 

Study area. Grays Harbor, located on the Pacific 
coast of Washington, USA (46"55'N, 124" IO'W), is a 
large (235 kmz at  mean higher high water) shallocv 
estuary with semidiurnal tides that range up to 4 m 
(Fig. 1). Approximately 60% of the surface area is 
intertidal, portions of which are covered by eelgrass 
Zostera marina and light to moderate densities of 
epibenthic bivalve shell (relic deposits of eastern soft- 
shell clam Mya arenaria and live culture of Pacific 
oyster Crassostrea gigas). Ghost shrimp are common 
inhabitants of intertidal sedirnents throughout the 
estuary, but dense beds (e.g. > l 0 0  burrow openings 
m-2) tend to be concentrated in the northern portion of 
the bay. Another thalassinid, Upogebia pugettensis, is 
present in the estuary as well but at lower densities 
(Armstrong et  al. 1992). 

Shell habitat construction was initiated in April 1992 
at 2 intertidal locations chosen by the COE. The 
'Pacman' site was located in the northeastern section of 
the bay, and the 'South Channel' site was located in 

the southeastern section of the bay (Fig. 1 ) .  Due to 
extremely low density of ghost shrimp in the area 
chosen for shell deposition at South Channel, only 
results from Pacman are reported. All field work was 
conducted at Pacman except for a settlement experi- 
ment in 1993, which was conducted at  Campbell 
Slough (Fig. l ) ,  the site of one of the 1991 test plots in 
North Bay. The Pacman site was characterized in 1991 
by relatively low densities of ghost shrimp (<50 bur- 
rows openings m ') and eelgrass turions (<20 turions 
m-'; Armstrong et  al. 1992). 

Prior to shell deposition in 1992, the COE surveyed 
the local area at  Pacman and  intentionally selected a n  
area of mudflat with relatively low densities of burrow 
openings (R = 66 openings m-2, SD = 30) to minimize 
shell loss. Our efforts to find an adjacent control area 
with comparable burrow densities were unsuccessf~ul; 
thus, we had to establish a mud control plot in an area 
with higher burrow densities (X = 89 openings m-', 
SD = 38). The shell plot measured 60 m X 360 m 
(2.2 ha) ,  and at the time of construction the shell layer 
stood 10 to 15 cm above the sediment surface. The con- 
trol plot, consisting of bare mudflat, was established 
50 m from the shell plot at  the same tidal elevation and 
proximity to the subtidal channel. The shell plot and 
control plot were equal in dimension and were staked 
off into 20 m X 20 nl subplots for random sampling. 

Pre-treatment shrimp density. Shrimp abundance 
was quantified prior to construction of the shell plot 
to reveal any pre-existing patterns in shrimp density 

between the treatment (addition of 
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shell) and control plots (i.e. all samples 
were collected from undisturbed mud- 
flat). Shrimp were sampled during 
April and May 1992 with a stainless 
steel core (40 cm diameter X 60 cm 
height). Contents of the core were 
excavated by shovel and sieved on a 
3 mm mesh screen. This mesh size tar- 
geted adult and juvenile shrimp while 
enabling us to process large quantities 
of sediment. Although some juvenile 
shrimp may have passed through the 
3 mm mesh, the retention efficiency of 
the screen was assumed to be con- 
sistent across locations since all sedi- 
ments consisted of muddy sand. 
Shrimp were counted and measured 
[carapace length (CL): tip of the ros- 
trum to the posterior margin of the 

F.ig. 1 Grays Harbor estuary (Washington, USA) showlng the locat~on of cardiac region] to the nearest 0.1 mm 
F'acman and South Channel, the 2 full-scale U.S. Corps of Engineers' shell plots. with vernier calipers, ~i~~ random 
Pacman was the site chosen for thls study since shrimp densities were extremely 
low at the South Channel slte Also shown is (:ampbell Slough, the site of samples were taken from the mudflat 

the August 1993 settlement experiment. Stippling indicates intertidal mudflat designated for shell deposition and 5 
exposed at mean lower Iocv water from the control plot. A 2-sample t-test 
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was used to test for a difference in mean shrimp 
density between the treatment and the control plot. 

Post-treatment YOY shrimp density. YOY shrimp 
abundance in the shell and control plots was quanti- 
fied over 2 periods: (1) June through August 1992 to 
estimate recruitment success of the 1992 year class 
(YC) soon after settlement, and (2) June 1993 to esti- 
mate densities of the 1992 VC approximately 1 yr after 
construction of the shell plot. Although Neotrypaea 
californiensis postlarvae typically settle from August 
through October (Bird 1982, Dumbauld et al. 1996), 
sampling was initiated in June 1992, due to reports of 
El Nino oceanographic conditions (i.e. coastal sea 
surface temperatures elevated 3 to 4°C). We antici- 
pated the possible early arrival of ghost shrimp post- 
larvae based on observations that influx of Dungeness 
crab megalopae into Grays Harbor may be accelerated 
by 1 to 2 mo in El Nino years (D. Armstrong pers. obs.). 
We were unable to extend the sampling period into 
September and October due to the lack of adequate 
daylight low tides. 

In 1992, samples were collected from epibenthic 
shell and mud substrates. A sampling method was 
devised so that data could be collected simultaneously 
for studies on YOY Dungeness crabs and shallow 
macrofauna (Armstrong et al. 1992), as well as deeper 
burrowing YOY shrimp. The shell plot was sampled 
by randomly selecting subplots and tossing a 0.10 m2 
quadrat haphazardly in, an area covered with 100% 
epibenthic shell. Shell and the top 5 cm of sed~ment  
underneath were removed and rinsed on a l mm mesh 
screen. Samples were sorted for YOY Dungeness crabs 
and all benthic epifauna and infauna including shrimp. 
Once excavation of the top 5 cm was complete, a 
0.05 m2 core (25 cm diameter) was placed inside the 
quadrat and an additional 15 cm of sediment was 
removed, rinsed on a 1 mm mesh screen, and sorted for 
shrimp only. A 1 mm mesh dip net was used to recover 
shrimp from samples in which the bottom of the core 
had flooded with water which happened occasionally 
in the shell and control plots. The same method was 
used to collect samples from the control plot (n = 12 in 
each habitat). We tested the efficiency of the 1 mm 
mesh screen and found it to be 94 % effective at retain- 
ing YOY shrimp: shrimp ranging in size from 1.5 to 
3.7 mm CL were retained by the 1 mm mesh while 
postlarvae (1.2 mm CL) cvere retained by a 0.5 mm 
mesh. We concluded that the 1 mm mesh was ade- 
quate for sampling post-settlement density; however, 
a 0.5 mm mesh screen was used in settlement and 
predator-prey experiments described below to ensure 
retention of all postlarvae and older juveniles for these 
studies. A 0.5 mm mesh size has been shown to effec- 
tively capture all planktonic larval stages (I to V) of 
Neotrypaea californiensis (Johnson & Gonor 1982). 

Ghost shrimp were counted and measured (CL) to the 
nearest 0.1 mm using an ocular micrometer. Shrimp 
were assigned a settlement year class of 1991 or 1992 
(YOY) based on visual assessment of size frequency 
histograms (see Fig 2) as well as published data on 
size at settlement and growth rates (Dumbauld et al. 
1996). Densities of shrimp from the 2 excavation 
methods were converted to a common measurement 
of area ( l  m') and summed for graphical and statisti.ca1 
analyses. In August 1992, we also examined the depth 
distribution of YOY shrimp. A 0.05 m2 core was in- 
serted into bare sediment within the control plot to 
20 cm depth, and sediment was excavated m 5 cm 
layers and rinsed separately on a 0.5 mm mesh screen 
to retain shrimp (n = 8) .  Shrimp cvere measured (CL) 
to the nearest 0.1 mm using an ocular micrometer. 
Numbers and lengths of shrimp were used to calculate 
the proportion of YOY (1992 YC) and 1 yr old shrimp 
(1991 YC) within each depth interval. 

One year after construction, a considerable amount 
of shell in the mitigation plot lay buried under sedi- 
ment due to a combination of subsidence and sedi- 
mentation, result~ng in part from the burrowing activi- 
ties of shrimp that were present when the plot was 
created. In fact, shell burial began within weeks of 
deployment (5 to 12 cm depth within 2 to 4 mo), and by 
August 1992, visual estimates of percent shell cover 
averaged only 30% (D. Armstrong unpubl. data). 
Hence, in June 1993, sediment-covered-she11 (here- 
after referred to as 'subsurface shell') as well as 100 % 
epibenthic shell and the control plot were sampled 
for YOY shrimp (1992 YC). Since no data were taken 
on crab density, shrimp samples were collected in a 
similar manner as in 1992, except that only the 0.05 m2 
core was used to excavate the top 20 cm of sediment 
(n = 3.0 in each habitat). 

Based on a visual analysis of size frequency histo- 
grams, all shrimp recovered from samples collected 
in June and July 1992, belonged to the 1991 YC (see 
Fig. 2) and were excluded from statistical analyses 
since they had settled and established burrows before 
the shell plot was constructed. By August 1992. YOY 
shrimp were present In samples, and analyses focused 
entirely on this year class. Results of the pre-treatment 
shrimp density analysis dictated the kinds of statistical 
tests we could use to analyze YOY shrimp densities. If 
no significant difference in pre-treatment shrimp den- 
sity was found between shell and control plots, then 
YOY densities would be analyzed with a 2-sample 
t-test for August 1992 data and a l-way ANOVA for 
June 1993 data. However, if a significant difference 
existed between plots prior to shell treatment, then an 
odd's ratio design would be used to test for differences 
in YOY densities between habitats (Skalski & Robson 
1992). The odd's ratio can be used in environmental 
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assessment and impact studies when test locations 
are chosen non-randomly; thus, treatment and control 
areas may be inherently different prior to treatment 
application. The test statistic D corrects for this ini- 
tial difference by incorporating both pre- and post- 
treatment densities and variances so that proportional 
changes in the treated plot can be compared to propor- 
tional changes In the control plot 

Settlement (field). An experiment was conducted dur- 
ing the new moon spring-tide series in August 1992 and 
1993 to identify potential differential settlement patterns 
between shell and mud substrates under natural tidal 
flows. Based on low counts of postlarvae in the 1992 trial 
at Pacman, the experiment was moved to a dense ghost 
shrimp bed in North Bay (Campbell Slough; Fig. 1) in 
1993, and only results from the 1993 trial at  Campbell 
Slough are reported. This location was chosen with the 
expectation that settlement densities would be greater 
than Pacman over the 3 d duration of the experiment 
based on high densities of adult ghost shrimp (>500 
burrows m-2; Armstrong et al. 1992) and the presence of 
many newly settled shrimp on the mudflat [Neotrypaea 
californiensis postlarvae, < 1.3 mm CL: X = 263 shrimp 
m-2, SD = 97, n = l 0  core samples (0.05 m2 X 15 cm depth, 
0.5 mm screen)]. We had no a priori reason to believe 
that habitat preferences would differ with respect to 
location within the bay, and hence we assumed that 
results from Campbell Slough would be applicable to 
Pacman since we were only interested in relative differ- 
ences between shell and mud treatments. 

Thirty perforated plastic trays (0.25 m2 X 9 cm height) 
were lined wlth 2 layers of 1 mm mesh to contain 
the substrate and prevent postlarvae from burrowing 
through 1 cm holes in the bottoms and sides of the 
trays. Fifteen trays were filled with a layer of mud 
followed by an equal layer (by volume) of epibenthic 
oyster shell, and 15 were filled completely wlth mud. 
The substrate within the trays was flush with the upper 
lips of the trays for shell and mud treatments. Mud was 
collected from the site 2 wk prior to the experiment, 
sieved on a 0.5 mm mesh screen, and allowed to dry to 
ensure removal of all postlarval shrimp. Each substrate 
type was assigned to 1 of 3 cage treatments to measure 
the potential short-term impact of predators on post- 
larval survival. Five trays were left exposed, 5 covered 
with a full cage, and 5 covered with a control cage. 
Cages (0.25 m2 X 15 cm height) were constructed with 
1.3 cm wire mesh with PVC (polyvinylchloride) stakes 
attach.ed to the corners. Two sides on control cages 
were shortened slightly to m i m ~ c  the physical structure 
of the cage as much as possible while allowing entry of 
small crabs and fishes (e.g. Virnstein 1978, Hurlberg & 
Oliver 1980). Shortened sides were oriented parallel 
with ebb and flood tidal currents to limit differences in 
flow across full and control cages. 

Trays were placed 2 to 3 m apart on the sediment In 
a single row approximately normal to both tidal flow 
across the mudflat and to a nearby subtidal channel 
(ca 50 m away). Due to the configuration of the tideflat, 
distance of the trays from the subtidal channel u7as 
used as a blocking factor to account for variation in 
settlement that might result from increasing immersion 
time. The 30 trays were divided into 5 blocks so that 
each block contained 1 of the 6 treatment combina- 
tions. Individual treatments were randomly inter- 
spersed within each block (Underwood 1981). Wire 
brushes were used to scrub the cages daily at low tide 
to remove Enteromorpha sp.  that had accumulated. 
Trays were retrieved 72 h after deployment and con- 
tents gently rinsed on a 0.5 mm screen Samples were 
preserved in 104,; formalin, transferred to 70% EtOH 
3 d later, and sorted under a dissecting scope for ghost 
shrimp postlarvae. Shrimp CL was measured to the 
nearest 0.1 mm with an ocular micrometer. Since the 
lip of each tray stood 9 cm above the tideflat, shrimp 
were assumed to have settled fro111 the water colunln 
rather than via bedload transport (Levin 1984, Eggle- 
ston & Armstrong 1995). Number of postlarvae was 
analyzed as the response variable in a 2-way random- 
ized block ANOVA model with substrate (shell vs mud) 
and cage (open vs cage vs control cage) as factors, and 
distance froin the subtidal channel (50, 65, 80, 95, and 
110 m) as the blocking factor There was no replication 
of treatments within blocks. Assumptions of normal- 
ity and homogeneity of variance were met upon a 
log (x+l) transformation of the raw data (p  > 0.9, 
Cochran's C test). 

Settlement (laboratory). An experiment was also 
conducted in 40 1 (50 cm X 25 cm X 35 cm height) still 
water aquaria to test whether shrimp postlarvae dis- 
play a preference for shell or mud habitats. Although 
settlement patterns result from the interaction between 
behavior and tidal flow across different habitats, this 
experiment was conducted to examine the behavioral 
component of settlement and to complement the field 
study. A 0.5 mm mesh neuston net was used to collect 
postlarvae in a night flood plankton tow during the 
full moon tide series of August 1993. Postlarvae were 
placed in an aerated aquarium filled with seawater 
maintained at 15 to lG°C and were held no longer than 
2 d before use in a n  experin~ental trial. A subsample of 
shrimp was measured for carapace length (Z= 1.16 mm 
CL, SD = 0.07, range 1.0 to 1.3 mm CL, n = 16). Aquaria 
were filled with 5 cm of sieved mud (0 5 mm mesh) and 
partitioned into 2 equal compartments using a 5 cm tall 
wooden divider that prevented postlarvae from bur- 
rowing from one habitat into the other after selecting 
a particular substrate. A single layer of oyster shell 
covering approximately 95% of the available surface 
area was randomly assigned to one half of the tank. 
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Aquaria were filled with 15 cm of unfiltered seawater 
from the estuary and maintained at 15 to 16°C. A 10 cm 
wide wooden platform was centered in each tank and 
submerged to elevate a 175 m1 Pyrex bowl containing 
10 postlarvae in seawater. Each bowl was covered with 
a plexiglass plate to ensure that postlarvae did not 
escape upon submersion. After 15 min, plates were 
carefully removed to allow postlarvae to swim up and 
out of the bowls to select a habitat. At the end of 18 h 
(8 h light, 10 h dark), the number of postlarvae bur- 
rowed in mud and shell habitats, as well as the number 
remaining in the bowl or water column were recorded 
upon rinsing the water and substrate from each half of 
the tank through a 0.5 mm screen. The null hypothesis 
of no preference for either habitat was tested with a 
paired t-test (n = 23). 

Predation by YOY Dungeness crabs. The density of 
YOY Dungeness crabs was quantified at Pacman in 
100% epibenthic shell within the shell plot and in the 
mud control plot in July and August, 1992, using 
the methodology described above in 'post-treatment 
YOY shrimp density' (n = 12 from each habitat). Crab 
carapace width (CW) was measured and crabs were 
grouped with respect to instar size. 

We then examined the predator-prey interaction 
between YOY Dungeness crabs and shrimp in epi- 
benthic shell to assess whether crabs forage on shrimp 
and to quantify prey consumption predator-' as a func- 
tion of 4 dens~ties of shrimp. Due to limited prey densi- 
ties and replicated trials, we did not attempt to ~dentify 
the form of the functional response (i.e. type I1 or 111; 
Holling 1959) as has been done in similar experiments 
with benthic decapod crustaceans (Lipcius & Hines 
1986, Sponaugle & Lawton 1990, Eggleston et al. 
1992). Assum~ng that ghost shrimp are prey for YOY 
Dungeness crabs, postlarval shrimp that successfully 
settle and establish burrows in shell habitat risk preda- 
tion by crabs residing in the shell. We chose not to con- 
duct identical experiments in mud because (1) YOY 
crabs occupy shell habitat at relatively high densities 
but rarely are found on unvegetated mudflats (Arm- 
strong et al. 1992), and (2) crabs presumably emigrate 
from shell plots directly to subtidal channels when 
they reach larger instar sizes (Dumbauld et al. 1993, 
Iribarne et al. 1994). 

Juvenile shrimp (1.8 to 2.5 mm CL) were collected 
from the intertidal in August 1993 and placed In aer- 
ated aquaria with sediment and unfiltered estuarine 
seawater Crabs were collected by beam trawl (Gun- 
derson & Ellis 1986) from subtidal channels in the bay, 
placed in aerated aquaria with sediment and shell, and 
fed ad libitum with clams Cryptomya californica and 
juvenile English sole Pleuronectes vetulus. Crabs 
ranged from 21.6 to 28.1 mm CW (55 and J6 instars) in 
experimental trials and did not differ significantly with 

various treatments of prey density (l-way ANOVA; 
F = 1.24, df = 3,36, p = 0.31). Prior to feeding trials, 
crabs were checked for the presence of all pereopods, 
placed in isolation chambers (5 cm X 5 cm), and starved 
for 48 h. Individual shrimp and crabs were used only 
once in an experimental trial. 

Forty-liter aquaria were filled with 5 cm of sieved 
mud (0.5 mm mesh) and 12 cm of unfiltered estuarine 
seawater. A 20 cm tall wooden divider with foam edges 
was placed in the center of each tank, reducing the 
experimental area to 0.06 m2 (0 25 m X 0.25 m)  
Aquaria were aerated, and water temperature was 
maintained at 15 to 16°C during all trials. Four ex- 
perimental shrimp densities of 1, 2, 4 ,  and 12 shrimp 
0.06m-2 were used spanning the range of low to high 
densities of YOY shrimp (16 to 192 shrimp m-2) sam- 
pled in the control plot at Pacman. Control trials with- 
out a crab predator were also performed at the highest 
shrimp density to measure recovery efficiency of prey 
and estimate mortality due to handling The physical 
layout consisted of 24 experimental units (12 parti- 
tioned aquaria): 20 feeding replicates and 4 control 
replicates cvi.th random interspersion of shrimp d.ensity 
treatments and controls (Underwood 1981). All treat- 
ment densities and the control density were replicated 
10 times. 

Shrimp exhibiting active pleopod movement were 
introduced into aquaria and allowed 24 h to establish 
burrows. Most shrimp ~mmediately swam to the bottom 
of the tank and tested the substrate with their pereo- 
pods. Individuals were replaced if they had not con- 
structed a burrow within 4 h. This was necessary in 
only 7 trials where 1 individual was replaced in each 
trial. In contrast to predator-prey experiments with 
bivalves (Eggleston et al. 1992), we were unable to 
control for possible edge effects (i.e. crabs potentially 
consuming more or less shrimp near the periphery of 
the tank) since shrimp are highly mobile. In an earlier 
experimental trial, we determined that 36% (SD = 

24%, n = 28) of burrow openings were within 1 cm of 
the tank wall; however, this does not necessarily indi- 
cate the position of the shrimp since burrows extend 
horizontally and typically have more than one open- 
ing. The day after shrimp were introduced into a tank, 
a single layer of oyster shell was placed on the sedi- 
ment surface to simulate the structure of the shell plot. 
Feeding trials commenced upon the addition of a 
single J5 or J6 intermolt Dungeness crab and, ended 
upon removal of the crab 24 h later. This density is 
equivalent to 16 crabs m-', which was close to the over- 
all mean field density in August 1992 (see Fig. 8). Tank 
water and substrate were rinsed on a 0.5 mm mesh 
screen and sorted for YOY shrimp. 

Consumption rates (no. shrimp eaten crab-' 24 h- ' )  
and proportional mortality [(no. shrimp eaten) (no. 
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shrimp present)-' crab-' 24h-'1 were analyzed as a 0.40 

function of shrimp density with a l-way ANOVA 
model. Consumption rates were log ( x + l )  transformed 0.30 

and proportional mortalities were arc-sine square-root 
0.20 transformed to meet assumptions of normality and 

homogeneity of variance (Underwood 1981). Despite 
the transformation, however, consumption rate vari- 0.10 

ances remained heteroscedastic (p = 0.02, Cochran's C 
test). Other transformations were similarly ineffective. 0.00 

Hence, hypotheses regarding the effects of shrimp 
density on consulnption rates were rejected at an alpha 0 '0 

value lower than the p value of the test for homogene- 
C 

ity of variance (i .e.  p = 0.01; Underwood 1981) Tukey's 0 (!.IS 
9 

multiple comparison test (Day & Quinn 1989) was used - 
0 

to reveal differences between treatment means also at 
" 0.10 

a = 0.01. a 
0.05 

RESULTS Fig 2. Neotrypaea califor- 0.00 , , , , , ,  , , ,  , ,  , , , , , , , , I I I I ,  I I I I I I I I 

nlensls. Size frequency his- 9 9 9 0 9 9 9  - p 4 m w m a f -  

tograms of juven~le  ghost 0.20 
Pre-treatment shrimp density shnmp collected from core 

samples at  Pacman in June ,  

Shrimp retained by the 3 mm mesh ranged in size 
from 2.3 to 20.1 mm CL. There was a significant differ- 
ence in shrimp abundance prior to shell plot construc- 
tion (t-test: t = 3 16, df = 4, p c 0.05). Mean number of 
shrimp was approx~mately 2 times higher in the control 
plot (7= 50 9 shrimp m ', SD = 19 2) than in the desig- 
nated shell plot (X = 22.3 shrimp m ', SD = 6.7) .  

Post-treatment YOY shrimp density 

Prior to conducting statistical analyses, individuals 
were assigned a settlement year class based on visual 
assessment of size frequency histograms for June, July, 
and August 1992 (Fig. 2). Shrimp collected in June and 
July 1992 were assigned to the 1991 year class (Fig. 2). 
Mean carapace length of individuals from the 1991 YC 
increased from 3.5 mm in June to 5.4 mm in August 
(Fig. 3). By August 1992, settlement of YOY shrimp 
was underway. Mean carapace length of YOY shrimp 
was 2.1 mm in August 1992 and only increased to 
3.2 mm by June 1993 (Fig. 3),  reflecting both slow 
growth over the fall and winter (Dumbauld et al. 1996) 
and incorporation of additional cohorts of postlarval 
shrimp that settled after August which effectively 
reduced mean size. 

The presence of 2 age classes of shrimp was appar- 
ent in depth distribution samples collected in August 
1992: YOY individuals (1992 YC) ranged in size from 
1.1 to 3.3 mm CL, and individuals from the 1991 YC 
ranged from 3.9 to 6.9 mm CL. These size ranges are in 
agreement with those used to distinguish 1991 and 
1992 year classes for analyses of recruit densities (see 

July. and August 1992. 0.15 
Measurements of shrimp 
from the shell and  control 
plots were pooled by month. 
Individuals collected in 
June  and July had settled 005 
the PI-evious year (1991 YC). 
By August, 2 year classes O.OO 
of shrimp were present In 
samples: 1992 (YOY) as well 

as  1991 Carapace Length (mm) 

Fig. 2 ) .  Seventy percent of YOY individuals were col- 
lected in the top 5 cm of sediment, and another 23% 
were collected at 5 to 10 cm depth (Fig. 4) In contrast, 
only 16% of 1 yr old shrimp were collected in the top 
10 cm, the remainder distributed almost evenly be- 
tween 10 to 15 and 15 to 20 cm depth (Fig. 4). 

The difference in shrimp abundance between plots 
prior to shell application (see section above) dictated that 
we use the odd's ratio test (modified for unequal sample 
sues)  to test for differences in YOY shrimp densities 
between habitats. Both mean pre-treatment shnmp den- 
sities and mean post-treatment YOY densities were used 
in calculating test statistics. We chose a prlon to test 
hypotheses of no difference in YOY density between 
substrate types (H,: D = 1 versus H,. D + 1) at U = 0.01 
since we could only test combinations of 2 habitats at 
a time. In August 1992, density of YOY shrimp was 
significantly lower in epibenthic shell than in mud (D = 0, 
p < 0.01; Fig. 5A). YOY shrimp were absent in the shell 
plot but present in the control plot (see Table 1, un- 
corrected mean YOY densities). In June 1993, density 
of YOY shrimp (1992 YC) was significantly lower in 
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6/92 7/02 8/92 6/93 
Date 

Fig. 3. Neotrypaea cahfornlensis. Mean carapace lengths (mm) 
of ghost shrimp from core samples at Pacman, grouped ac- 
cording to the year they settled (1991 vs 1992). Measurements 
of shrimp from all substrates (epibenthic shell, subsurface 
shell, and bare mud) were combined to estimate mean size by 

sampling month 

epibenthic shell than in mud (D = 0.14, p < 0.01), and 
significantly lower in epibenthic shell than in 'subsurface 
shell' (D = 0.10, p c 0.01; Table 1, Fig. 5B). There was 
no d.ifference In shrimp densi.ty between mu.d and 'sub- 
surface shell' (D= 1.47, p > 0.01; Table 1, Fig. 5B) 

Settlement (field) 

Shrimp recovered from settlement trays placed on an 
unvegetated tideflat at Campbell Slough (Fig. 1) dur- 
ing August 1993 ranged in size from 0.9 to 9.3 mm CL. 
Based on the size frequency of shrimp collected in the 
trays (Fig. 6) and on measurements of a random sample 
of postlarvae collected during a plankton tow [see 
'Materials and methods: Settlement (laboratory)'], only 
shrimp that ranged in size from 0.9 to 1.3 mm CL were 
consid.ered 'settlers' and Included in statistical analy- 
ses. Shrimp 21.4 mm CL accounted for only 7.6% of 
all shrimp in settlement trays. 

O+ Shrimp I +  Shrimp 

Fig 4 .  Neotrypaea californiensis. Vert~cal distribution of ghost 
shrimp from 0 to 20 cm depth, sampled August 1992 in the 
Pacman control plot. The proportion of shrimp at each depth in- 
tervalis plotted accordu-tg to year class (YC). lndlvidualsfrorn the 
1992 Y C  (O+) ranged in size from 1.1 to 3.3 mm CL. and individ- 
uals from the 1991 YC ( l + )  rangedln size from3.9 to 6.9mm CL 

We used a 2-way randomized block ANOVA model 
to test for interactions between block, substrate, and 
cage factors and for significance of main treatment 
effects. No first-order interacti0n.s were s~gnificant, 
thus allowing direct conclusions of the main effects 
(Table 2). Due to the lack of replication within blocks, 
we were unable to test for a second-order interaction; 
however, we assumed that the interaction between 
block, substrate, and cage treatment was non-signifi- 
cant as wcll, based upon visual assessment of graphed 
data. Counts of shrimp ranged from 0 to 58 postlarvae 
(0.25 m2). Postlarval densities differed significantly by 
substrate but not by block or cage treatment (Table 2 ) .  
Mean numbers of postlarvae settling in shell were 
significantly lower than in mud (Table 2, Fig. 7). The 
blocking factor was not significant indicating that dis- 
tance to the subtidal channel accounted for little of the 
variation in postlarval densities between treatm.ents. 
Settlement densities tended to be higher in open trdys 
than in either trays with cages or control cages (Fig. 7);  

Table 1. Neotrypnea califorr~iens~s. Mean post-treatment densities of YOY ghost shrimp m-2 (standard deviations given in paren- 
theses) in eplbenthic shell, 'subsurface shell', and mud (control) habitats after shell plot construction. Uncorrected Y O Y  values 
(actual densities) are given as well as corrected values (odd's ratio D value). Densities were corrected using an odd's ratio design 
given a significant difference in pre-treatment shrimp density between the shell and control plots (see text and Fig. 5 legend 

for details) 

August 1992 (n = 121 June 1993 (n = 10) 
Epibenthic zhell %Iud Epibenthic shell Subsurface shell Mud 

Uncorrected value (actual denslty) 0 40.6 (38.0) 8.2 (17.2) 85.6 (59.8) 132.4 {86.7) 
Corrected value (odd's ratio 'D') 0 0.8 (0.3) 0.4 (0.3) 3.8 (1.0) 2.6 (0.7) 
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Fig. 5. Neotrypaea californiens~s. Comparison of relative den- 
sities of YOY ghost shrimp m-2 with respect to substrate type 
at Pacman. Mean post-treatment shrimp density (i.e. YOY 
density) was divided by mean pre-treatment shrimp density 
(i.e. mean local density prior to shell plot construction) for 
each habitat to correct for inherent differences in shrimp den- 
sity between shell and control plots prior to shell deposition. 
(A)  August 1992; newly settled shrimp were sampled in 
epibenthic shell and mud. (B) June 1993, YOY shrimp (1992 
year class) were sampled in epibenthic shell, 'subsurface 

shell', and mud. Vertical bars are 1 SD 

Epibenthic Shell 
Subsurface Shcll 

however, the difference was not statistically significant 
(Table 2). Few crabs were recovered from settlement 
trays: one Dungeness crab (31.5 mm CW) and a few 
small shore crabs He~nigrapsus oregonensis (generally 
55.0 mm CW). 

B 
4 - 

Cilrapacc Lengrh (mm) 

Fig. 6. Neotrypaea californiensis Slze frequency of ghost 
shrimp recovered from trays set out at Campbell Slough in 
August 1993 to measure settlement of postlarvae into shell 
and mud substrates. Shrimp S1.3 mm CL were included in 

calculations of mean densities 

translucent body coloration (the few postlarvae that 
died in the holding tank were opaque). Although the 
mean proportion of postlarvae settling in shell (X = 0.42, 
SD = 0.25) was lower than in mud (F=  0.58, SD = 0.25), 
the trend was not significant (paired t-test: t = 1.67, 
df = 22, p = 0.11). Postlarval shrlmp selecting shell 
substrate established burrow holes along the edges of 
the tank and in crevices between individual shells. 

Predation by YOY Dungeness crabs 

The overall mean density of YOY Dungeness crabs 
in epibenthic shell at  Pacman was 53.3 crabs m-' in 
July 1992, and 53 and 54 instars (12.5 to 19.4 mm CW) 
were the most prevalent size classes (Fig. 8).  In August, 

Table 2. Neotrypnea californiens~s. Results of a 2-way ran- 
domized block ANOVA on log (x+l) transformed densities of 
ghost shrimp postlarvae (0.9 to 1.3 mm CL) showing the effect 
of blocks (relative proximity to a nearby subtidal channel), 
substrate (shell vs mud) and cage treatment (open vs cage vs 
control cage) on settlement patterns. Settlement into 0.25 m' 
trays was measured over a 72 h period during the new moon 

spring-tide series of August, 1993 ' p  < 0.05 

Settlement (laboratory) 

Over 96 % of shrimp postlarvae introduced into labo- 
ratory aquaria selected a substrate within the 18 h 
experimental period. Only 8 (<4 %) remained in the 
'introduction' bowl or swimming in the water column. 

Source of variation SS df MS F p 

Block 0.04 4 0 01 0.07 0.99 
Substrate 1.15 1 1 15 7.59 0.02' 
Cage treatment 1.18 2 0.59 3.89 0.07 
Block X substrate 0.63 4 0.16 1.04 0.45 
Block cage 1.12 8 0.14 0.92 0.55 
Substrate X caue 0.36 2 0.18 1.17 0.36 

Recovery efficiency was loo%, and survival appeared Error 1.21 8 0.15 

to be 100% as well based on pleopod movement or 
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[7 Epibenlhic Shell Mud 

C& conrrd~ cage 

Fig. 7. Neotrypaea californiensis. Results of the August 1993 
field experiment a t  Campbell Slough comparing settlement of 
ghost shrimp postlarvae as a function of substrate (epibenthic 
shell and mud) and cage structure [open (no cage),  cage, and 
control cage]. Values are mean densithss of postlarvae t r a y '  

72h- '  Vertlcal bars are 1 SE 

mean density declined to 15.0 crabs m-2, and 54 and J5 
instars (15.5 to 26.0 mm CW) dominated the size com- 
position of crabs (Flg. 8). No crabs were found in 
samples taken in the control plot in July and August. 

In the laboratory predator-prey interaction experi- 
ment, recovery efficiency of shrimp in control tanks 
was loo%, and natural mortality due to handling was 
6.2 %. Consumption rates differed significantly by prey 
density (l-way ANOVA; F=  10.66, df = 3,36, p < 0.01). 
Consumption rates were greater at the highest prey 
density (3.4 shrimp crab-' 24h-') than at any of the 

July August 

Fig. 8. Cancer magister Dungeness crab dens~ ty  and instar 
composition in the Pacman shell plot, July and August 1992 
Vertical bars are  1 SE for the total mean density, all instars 
combined. No crabs were recovered from samples taken in 
the mud contral plot (n = 12 in each habitat) The sequent~al  
decline in density between 33 and 54 instars is believed to be 
an  indication of emigration of larger instars from the shell plot 

to the subtidal 

Shrimp Density 

Fig. 9. Cancer magister/Neotrypaea californjensls. Results of 
Y O Y  Dungeness crab predation experiments on 4 densities of 
Y O Y  ghost shrimp tank-' (0.06 rn2). Mean values (* 1 SE) are 
plotted for (A) consumption rate (no. shrimp eaten crab-' 
24h-') and (B) proportional mortality [(no, shrimp eaten) (no. 

shrimp present)-' crab-' 24 h- ' ]  

lower prey densities (0.1 to 0.9 shrimp crab-' 24h-l; 
Fig. 9A). Proportional mortalities, however, did not 
differ significantly with prey density (F = 1.14, df = 

3,36, p = 0.34; Fig. 9B, power = 0.10). Despite attempts 
to standardize hunger levels, there was considerable 
variation in prey consumption within treatment den- 
sities. 

DISCUSSION 

Results of our examination of the distribution of YOY 
ghost shrimp in intertidal shell and mud substrate 
at the Pacman mitigation site support conclusions of 
other studies which suggest that some complex habi- 
tats may limit the distribution of Neotrypaea call- 
forniensis. Dumbauld (1994) found a negative effect of 
live oysters on recruitment success of N. californiensis 
compared to other treatments which included bare 
mud. Brenchley (1982) demonstrated that mean burial 
time increased significantly for N. californiensis i.n 
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root-rhizome and animal tube mats compared to pre- 
burrowed bare sediments, and in the major~ty of 
laboratory trials shrimp were unable to establish a 
burrow at all Fleld surveys have been consistent with 
Brenchley's (1982) findings, noting the abrupt decline 
and low densities of N. californiens~s burrows in 
Zostera manna beds compared to adjacent intertidal 
mudflats (Swinbanks & Murray 1981, Sw~nbanks  & 

Luternauer 1987), although i t  is unclear how these 
patterns were initially established 

Similarly, dense application of epibenthic bivalve 
shell to the intertidal mudflat effectively reduced re- 
cruitment of YOY Neoti-ypaea californiensis at Pacman 
Newly settled shrimp were absent In epibenthic shell 
habitat during initial recruitment of the 1992 year class 
in August 1992 In June 1993, the same trend was ob- 
served with lower densities of YOY shrimp in epi- 
benthic shell than in contiguous patches of mud over- 
lying shell ('subsurface shell') as well as in bare mud. 
In contrast, there was no difference in density between 
'subsurface shell' and bare mud habitats. Although 
inferences in this study are limited to Pacman since 
treatments were not replicated, similar patterns of 
YOY ghost shrimp abundance in epibenthic shell, 
'subsurface shell', and bare mud have been observed 
in small-scale experiments in Willapa Bay, Washington 
( K .  Feldman unpubl, data). 

Habitat-specific recruitment success results from 
complex interactions among numerous physical and 
biological parameters which influence larval supply, 
larval substrate selection at the time of settlement, and 
survival of settlers. Larval supply to estuarine locations 
1s influenced by physical processes such as tidal cur- 
rents (Alldredge & Hamner 1980) and wind-driven 
surface currents (Eggleston & Armstrong 1995), al- 
though larval behavior can alter horizontal transport 
via depth regulation wlthin the water column (e.g.  
review by Sulkin 1984, Tankersley et a1 1995) Upon 
arrival at a site, larvae may accept or reject a habitat 
based on the presence or absence of positive and neg- 
ative cues (Woodin 1991). Substrate selection may be 
primarily a passive process whereby settlement is 
determined largely by benthic boundary laycr flo~v 
processes in the case of weaker swimming larvae or 
more of an active process in the case of stronger swim- 
ming larvae (Butman 1987). Although larval settlement 
can contribute significantly to spatial and temporal 
patterns of distribution and abundance (Bertness et al. 
1992), variation in settlement densities can be masked 
by post-settlement processes such as differential pre- 
dation risk and movement among habitats (Keough 
& Downes 1982, Connell 1985). Recently, however, 
marine ecologists have placed greater emphasis on 
assessing the relative contribut~on of pre-settlement 
and post-settlement components of recruitment to gain 

a greater understanding of benthic population stluc- 
ture and dynamics ( e  g Stoner 1990, Egqleston & Arm- 
strong 1995) 

Results of our experiments suggest that postlarval 
substiate selection was a key determinant of habitat- 
specific recruitment success of Neotrypaed californien- 
S J S  in this study Ghost shiimp postlarvae exhibited 
differential settlement between mud and shell habitats 
In the 72 h field experiment Under natulal tldal flows, 
2 to 5 times more postlarvae weie recovered from mud 
trays than shell trays placed on the bare mudflat The 
laboratory expeiiment showed a s ~ m ~ l a r  trend of higher 
settlement in bare mud than shell, although the differ- 
ence was not statistically significant The dlscl epancy 
between experimental results may be due to the role of 
hydrodynamics in situ on settlement behavior or dif- 
ferences in the thickness of the shell layer In each 
experlment (2 to 3 shells thick In the field experlment 
versus 1 shell thick in the laboratory expeliment) 

Two potential artifacts of the field design that could 
have affected postlarval settlement patterns a l e  the 
disslmllar~ty In spatial scale between the small sub- 
strate-filled trays and the suirounding inudflat and 
the effect of placing trays directly on the mudflat as 
opposed to burying them flush ivith the sed~ment  
surface These artifacts were addressed in a study by 
Eggleston & Armstrong (1995) in which they quanti- 
fied Dungeness ciab settlement in 0 25 m2 bays of shell 
and mud dt Pacman and South Channel mit~gation and 
control plots Flrst the disruption in flow resulting fiom 
a change in physical structure and spatial scale ( e  g 
flow over an expansive mudflat to flow over a small 
patch of eplbenthic shell) might have produced an artl- 
ficial settlement pattern However Eggleston & Arm- 
strong (1995) found no difference in the number of 
crab megalopae recovered from shell and mud trays 
placed on bare mudflats versus shell and mud trays 
placed well within large shell plots, crab megalopae 
selected shell over mud regardless of where the trays 
were located (e  g 0 25 111' of shell placed In 4 ha of 
shell 01 4 ha of mud) Second with respect to the Issue 
of raised trays altering settlement patterns Eggleston 
& Armstrong (1995) also found no di f fe~ence in the 
number of ciab megalopae recovered from shell and 
mud trays placed on top of the sediment In shell miti- 
gation plots and those buried flush wlth the sediment 
surface Based on these lesults, we suggest that pat- 
terns of postlarval settlement in this study were the 
result of differential settlement between substrate 
types rather than experimental art~facts Nevertheless 
ghost shnmp are different organisms, and shrimp post- 
larvae may respond to benthlc boundary layer condl- 
tions differently than Dungeness crab megalopae 

In addition to postlalval substrate selection Dunge- 
ness crab predation on settling ghost shnmp may have 
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further accentuated the difference in shrimp densities 
between shell and mud habitats. Crabs were present in 
the shell plot at Pacman and consumed shrimp in the 
laboratory. YOY Dungeness crabs occupied shell 
habitat at Pacman in July and August 1992, but were 
absent from the control plot during shrimp settlement 
(Fig. 8). In the laboratory experiment, crabs success- 
fully excavated and preyed on burrowed shrimp in 
shell habitat. While crabs consumed greater numbers 
of shrimp as prey density increased, the lack of an 
increase in proportional mortality over the range of 
prey densities suggests that YOY crabs alone could not 
be responsible for patterns of shrimp recruitment. 
However, differential settlement, possibly modified by 
Dungeness crab predation, could explain much of the 
variation in recruitment success of ghost shrimp be- 
tween shell and mud. Even if proportional mortality 
was constant over a range of prey densities, YOY crabs 
could still find and consume shrimp settling in low 
densities in the shell plot. For example, based on an 
average density of 32 shrimp m-' (corresponding to 2 
shrimp tank-' in the laboratory experiment) and a 
consumption rate of 0.6 shrimp crab-' d-l, a density of 
3.5 crabs m-2 could potentially consume 9 sh.rimp m-2 
d-l. Hence, the few postlarval shrimp that successfully 
settled in epibenthic shell could have been eaten by 
YOY crabs over time, helping produce the recruitment 
pattern we  observed at Pacman. While this is the first 
report of YOY crab predation on YOY ghost shrimp as 
far as we are aware, Stevens et al. (1982) documented 
the presence of ghost shrimp in the stomachs of sub- 
adult Dungeness crabs, and Posey (1986b) found that 
larger juvenile Dungeness crabs (generally >4 cm, M. 
Posey pers. comm.) attacked and consumed juvenile 
ghost shrimp in aquaria containing sediment. 

Although laboratory experiments are instrumental in 
examining predator-prey interactions, other variables 
could affect Dungeness crab foraging patterns and 
predation on. YOY shrimp in natural ha.bitats. First, 
gammarid amphipods, bivalves, polychaetes, and con- 
specific YOY crabs are abundant in epibenthic shell 
throughout most of the summer and provide crabs with 
alternative prey resources (Armstrong et al. 1992, Fer- 
nandez et al. 1993a, Williams 1994). However, recent 
studies have shown that juvenile ghost shrimp were 
the second most common prey item consumed by 
52 and 54 crabs among those taxa listed above and 
accounted for the greatest amount of biomass (ash-free 
dry weight, AFDW) in their diets (E.  Visser, University 
of Washington, u.n.publ. data). Second, temporal resi- 
dency patterns by YOY crabs in shell habitat may also 
influence the extent to which settling shrimp are 
vulnerable to crab predation. Crab density declines 
throughout the summer due to natural mortality and 
emigration of older instars to subtidal channels (Dum- 

bauld et  al. 1993, Iribarne et al. 1994, Eggleston & 
Armstrong 1995). Since ghost shrimp settlement gen- 
erally extends from August into October, later settling 
shrlmp may encounter fewer but larger crabs than 
earlier settlers. Finally, burial depth provides refuge 
from epibenthic predators (Blundon & Kennedy 1982, 
Barshaw & Able 1990). However, 70% of newly settled 
shrimp occupied the top 5 cm of sediment (Fig. 4); thus, 
they may be available for consumption by crabs which 
regularly forage to that depth. 

Unfortunatvl~, we were unable to discern the impact 
of Dungeness crab predation in the field settlement 
experiment. Densities of shrimp postlarvae in shell 
habitat trays with full cages and control cages were 
similar (Fig. ?), and few crabs were recovered in shell 
trays. Although crabs could have immigrated into shell 
treatments and then emigrated before recovering the 
experiment, it is possible that crabs did not encounter 
the substrate-filled trays on the intertidal. Dungeness 
crabs settle on mudflats along Campbell Slough 
(Iribarne et al. 1995), but in the absence of suitable 
refuge, densities quickly decline due to predation. Our 
experiment was conducted in August, several months 
after peak crab settlement, on a broad ghost shr~mp 
bed with little eplbenthic structure. Thus, there may 
not have been a local population of crabs to potentially 
colonize settlement trays. The presence of YOY Dun- 
geness crabs has been documented in subtidal chan- 
nels along Campbell Slough (Armstrong et al. 1992), 
but crabs may not have left the subtidal to risk foraging 
on the mudflats. The experiment was conducted at 
Campbell Slough because densities of ghost shrimp 
historically have been high at that site [due to hydro- 
dynamics or some other factor(s)], thereby increasing 
the chance of high numbers of postlarvae settllng in 
the trays. The same experiment conducted at Pacman 
in 1992 was unsuccessful because so few postlarvae 
settled over the 3 d duration. While we had no a prior1 
reason to assume that settlement behavior would differ 
between locations within the bay, i t  is possible that 
habitat preferences of settling ghost shrimp could have 
been affected by potential differences in the predator 
guilds between Campbell Slough and Pacman. Never- 
theless, there was a significant difference in postIarva1. 
densities between the two substrate types regardless 
of whether YOY crabs or other predators were present, 
which is indicative of the negative effect of shell 
material on ghost shrimp settlement. 

Although results of our experiments suggest that 
postlarval substrate selection was a key determinant 
of initial shrimp recruitment patterns, with possible 
modification by Dungeness crab predation, there are 
alternative explanations which are not mutually exclu- 
sive: (1) enhanced passive deposition of shrimp post- 
larvae to mud substrate; (2) enhanced settlement and 
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survival of YOY shrimp near adult conspecifics; (3) post- 
settlement movement of YOY shrimp; and ( 4 )  con- 
sumption of YOY shrimp by predators other than 
Dungeness crabs 

First, settlement patterns could have resulted from 
differential passive deposition of shrimp to shell and 
mud habitats. We argue against passive deposition as 
the principal mechanism responsible for patterns of 
differential settlement, however, based on the results 
of the field experiment which contradict expected 
results under this hypothesis and on observations of 
postlarval swimmlng ability. First, under the passive 
deposition hypothesis, we would predict greater settle- 
ment of postlarvae in shell than in mud due to in- 
creased boundary layer shear stress over shell result- 
ing in slower current speeds (Butman 1987, Wright et 
al. 1990). This prediction was supported in an experi- 
ment by Eckman (1983) in which settlement of fine 
sediment particles and passively dispersed fauna was 
significantly higher in moderate and dense protruding 
tube arrays than In the ambient, relatively uniform 
mudflat. In contrast, our results showed the opposite 
trend with significantly fewer postlarvae settling in 
shell than in mud. Second, benthic boundary-layer 
flow processes predominate in relatively weak swim- 
mers often resulting in passive deposition to intertidal 
habitats (Eckman 1983, Hannan 1984. Butman et al. 
1988, Snelgrove et al. 1993), whereas behavioral mech- 
anisms play a greater role in relatively strong swim- 
mers resulting In a greater degree of active choice in 
substrate select~on (review by Meadows & Campbell 
1972, Crisp 1974, Botero & Atema 1982, Herrnkind & 
Butler 1986, Fernandez et al. 1994, Eggleston & Arm- 
strong 1995). Sustained directional swimming has 
been demonstrated for a number of decapod crusta- 
ceans under low (e.g. < 5  cm S-'; Luckenbach & Orth 
1992), moderate (e.g. 5 to 20 cm S-'; Calmski & Lyons 
1983, Cobb et al. 1989), and swift flows (e.g. 20 to 
40 cm S-'; Fernandez et al. 1994). Although swimming 
behavior of ghost shrimp postlarvae under controlled 
flows is undescribed, observations in still water sug- 
gest that they are fairly strong swimmers (55  cm S-'; 

K. Feldman unpubl. data) using their pleopods to pro- 
pel them forward. While ghost shrimp may be unable 
to maintain horizontal position in moderate to swift 
current flows, we hypothesize that under low flows 
associated with slack tides and within the viscous 
boundary layer, postlarvae are capable of exerting 
active habitat choice. 

Second, the presence of adult shrimp could have 
affected recruitment of YOY shrimp. Adults, for ex- 
ample, can facilitate recruitment of juveniles by modi- 
fying the substrate to make it more hospitable (Thrush 
et al. 1992). Tainaki & lngole (1993) showed that 
Callianassa japonjca larvae settle broadly, but post- 

settlement survival was higher in areas inhabited by 
adults, perhaps due to greater ease of burrowing in or 
oxygenation of reworked sediments. Recruitment data 
from Pacman and results of the settlement field ex- 
periment suggest, however, that conspecifics did not 
have a large effect on patterns of recruitment between 
shell and mud in t h ~ s  study. If conspecific density had 
influenced shrimp recruitment patterns, then most 
likely we would have observed similar YOY shrimp 
densities in epibenthic shell and 'subsurface shell' 
since both habitats were characterized by a single 
initial mean shrimp density in the pre-treatment 
shrimp assessment study. Instead, YOY shrimp density 
was significantly lower In epibenthic shell than in 
contiguous 'subsurface shell' patches. Thus, other 
factors that differed between the 2 habitats types, 
such as flow, structural complexity, food availability, 
and predator abundance, more likely affected post- 
settlement densities than the presence of adult con- 
specifics. In addition, the field settlement experiment 
was conducted on a homogenous expanse of mudflat 
at Campbell Slough where ambient YOY shrimp den- 
sities were similar withln the area chosen for the study 
(K. Feldnlan unpubl. data). Accordingly, any ambient 
conspecific cue encountered by settling postlarvae 
would most likely have been similar across treatments, 
yet postlarval settlement into trays was significantly 
different between substrate types. 

Third, epibenthic shell may have interfered with 
burrow maintenance and deposit feeding by post- 
settlement juveniles, forcing them to emigrate. Juve- 
nile and adult migrations have been reported (Bird 
1982, Posey 1986b, Harrison 1987), although reasons 
for and conditions of their occurrence have not been 
examined. In this study, raised settlement trays of both 
mud and shell were colonized by a few older YOY,  
juvenile, and adult shrimp (7.6% of individuals col- 
lected in trays were known to be immigrants), provid- 
ing some evidence of movement either though act~ve 
choice or bedload transport. Thus, post-settlement 
dispersal may play a role In establishment of recruit- 
ment patterns of YOY shrimp, but its importance in 
this study is unknown. 

Finally, other predators, in addition to Dungeness 
crabs, could have limited the distribution of YOY 
shrimp in shell. Staghorn sculpin Leptocottus armatus 
have been shown to restrict the lower distribut~on of 
burrowing shrimp on unvegetated intertidal mudflats 
(Posey 1986b). While no studies have specifically ex- 
amined whether staghorn sculpin restrict the densities 
of YOY shrimp in shell habitat, they prey on juvenile 
and adult shrimp in the vicinity of epibenthic shell sub- 
strate based on stomach content analyses of sculpins 
captured over COE mit~gation plots (Williams 1994, 
Armstrong et al. 1995). Saddleback gunnels Pholis 



I34 Mar Ecol Prog Ser  150: 121-136, 1997 

ornata, which reside within the shell habitat matrix, 
mlght prey on settling or post-settled shrimp, but 
Williams (1994) found no evidence of burrowing 
shrimp in their stomach contents. Glycerid polychaetes 
and nemertean worms, also associated with intertidal 
shell (Williams 1994), feed on small invertebrates and  
represent potential infaunal predators on YOY shrimp 
as well. 

In summary, recruitment of YOY ghost shrimp was 
significantly reduced In the presence of epiben.thic 
shell at the Pacman mitigation site. Results of our 
experiments suggest that larval habitat selection was 
responsible in part for the establishment of initial 
habitat-specific distribution patterns while predation 
by Dungeness crabs could have further enhanced the 
difference in post-settIement densities between epi- 
benthic sh.el1 and mud substrates. These findings are 
encouraging with respect to the COE's efforts to m.iti- 
gate loss of subadult crabs by increasing the amount of 
habitat for juvenile crabs. Where epibenthic shell can 
persist, YOY ghost shrimp establishment will likely be 
discouraged. However, it appears that even the rela- 
tively low densities of juvenile and adult shrimp occu- 
pying the area of shell deposition at  Pacman con- 
tributed to the substantial loss of shell since much of 
the shell had sunk in the 3 mo prior to YOY ghost 
shrimp recruitment. These areas of 'subsurface shel.1' 
were readily colonized by YOY shrimp, and it is 
unknown whether shrimp that recruited to this con- 
figuration of stratified mud and shell eventually pene- 
trated through the shell layer as they grew older, 
thereby contributing further to habitat degradation. 

Although our findings are restricted to the mitigation. 
shell plot, studies are currently being conducted to test 
the effectiveness of applying epibenthic shell to inter- 
tidal oyster culture grounds in Washington coastal 
estuaries to hinder recruitment of burrowing shrimp 
Neotrypaea californiensis and Upogebia pugettensis 
(K.  Feldman, B. Dumbauld & D. Armstrong unpubl. 
data). Burrowing shrimp have an adverse effect on 
oysters, particularly settllng oyster larvae and spat, by 
resuspending sediments and reducing the compaction 
of the sediment upon which oysters grow [Stevens 
1929, Loosanoff & Tommers 1948, Washington Depart- 
ment of Fisheries (WDF) 1970, Simenstad & Fresh 
19951. Live oysters sink into the mud in areas popu- 
lated by burrowing shrimp, similar to that observed 
for oyster shell at  Pacman. Since 1963, the insecticide 
carbaryl ( i .e .  Sevin'') has been used to remove shrimp 
from Intertidal oyster culture grounds in Washlngton 
(WDF 1970); however, carbaryl is also toxic to non- 
target species including Dungeness crabs (Buchanan 
et  al. 1985) and  does not discourage reinvasion by YOY 
ghost shrimp (Dumbauld et  al. 1996). It is hoped that 
by studying the early life history of burrowing shrimp 

and mechanisms underlying their patterns of distribu- 
tion in shell and mud substrates. we will gain a more 
comprehensive understanding of how these benthic 
habltats are structured and be better able to evaluate 
efforts to reduce recruitment of ghost shrimp on oyster 
culture grounds and intertidal shell plots designed to 
mitigate loss of fisheries resources through large-scale 
habitat manipulations. 
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